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abstract
 
Extracellular Zn
 
2
 
1
 
 was found to reversibly inhibit the ClC-0 Cl
 
2
 
 channel. The apparent on and off
rates of the inhibition were highly temperature sensitive, suggesting an effect of Zn
 
2
 
1
 
 on the slow gating (or inac-
tivation) of ClC-0. In the absence of Zn
 
2
 
1
 
, the rate of the slow-gating relaxation increased with temperature, with a
Q
 
10
 
 of 
 
z
 
37. Extracellular Zn
 
2
 
1
 
 facilitated the slow-gating process at all temperatures, but the Q
 
10
 
 did not change.
Further analysis of the rate constants of the slow-gating process indicates that the effect of Zn
 
2
 
1
 
 is mostly on the
forward rate (the rate of inactivation) rather than the backward rate (the rate of recovery from inactivation) of the
slow gating. When ClC-0 is bound with Zn
 
2
 
1
 
, the equilibrium constant of the slow-gating process is increased by
 
z
 
30-fold, reflecting a 30-fold higher Zn
 
2
 
1
 
 affinity in the inactivated channel than in the open-state channel. As ex-
amined through a wide range of membrane potentials, Zn
 
2
 
1
 
 inhibits the opening of the slow gate with equal po-
tency at all voltages, suggesting that a two-state model is inadequate to describe the slow-gating transition. Follow-
ing a model originally proposed by Pusch and co-workers (Pusch, M., U. Ludewig, and T.J. Jentsch. 1997.
 
 J. Gen.
Physiol. 
 
109:105Ð116), the effect of Zn
 
2
 
1
 
 on the activation curve of the slow gate can be well described by adding
two constraints: (
 
a
 
) the dissociation constant for Zn
 
2
 
1
 
 binding to the open channel is 30 
 
m
 
M, and (
 
b
 
) the differ-
ence in entropy between the open state and the transition state of the slow-gating process is increased by 27 J/
mol/
 
8
 
K for the Zn
 
2
 
1
 
-bound channel. These results together indicate that extracellular Zn
 
2
 
1
 
 inhibits ClC-0 by facil-
itating the slow-gating process.
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introduction
 
ClC-0, the first cloned member of the ClC channel fam-
ily, is a voltage-dependent chloride channel that is
present abundantly in the 
 
Torpedo
 
 electric organ. The
openÐclose transition of this channel is known to in-
volve two different gating processes, both of which are
voltage dependent (for review, see Miller and Richard,
1990; Pusch and Jentsch, 1994). In one, the channel
opens, or activates, when membrane potential is depo-
larized, and closes, or deactivates, when membrane po-
tential is hyperpolarized. This transition happens in a
relatively fast time scale of milliseconds and is thought
to be controlled by a ÒfastÓ gate (Miller, 1982; Hanke
and Miller, 1983; Pusch et al., 1995; Chen and Miller,
1996). The other gating process, which resembles inac-
tivation of other voltage-gated channels, operates in a
time scale of tens of seconds. This ÒslowÓ gate opens
when membrane potential hyperpolarizes and closes
when membrane potential depolarizes (White and
Miller, 1979; Pusch et al., 1997). Previous studies have
suggested that there are two identical ÒprotomersÓ in a
channel, each of which probably contains a pore and
an independent fast gate (Miller, 1982; Middleton et al.,
1994, 1996; Ludewig et al., 1996). On the other hand,
the inactivation (or the closeÐopen transition of the
slow gate) occurs at the same time for the two pro-
tochannels (Miller and White, 1984; Richard and
Miller, 1990; Pusch et al., 1997). 
The above two gating processes function in an inter-
esting way in that they both show Cl
 
2
 
 as well as voltage
dependence. The fast gate decreases its open probabil-
ity upon reducing the extracellular Cl
 
2
 
 concentration
(Pusch et al., 1995), suggesting that the permeant ion,
Cl
 
2
 
,
 
 
 
may act as the gating charge for the channel open-
ing (Pusch et al., 1995; Chen and Miller, 1996). The in-
teraction of Cl
 
2
 
 with the slow gating is even more in-
triguing. It was found that Cl
 
2
 
 flux through the chan-
nel pore was coupled to a nonequilibrium gating
among closed, open, and inactivated states of the chan-
nel (Richard and Miller, 1990). The underlying mecha-
nism of this phenomenon is still unknown. The slow
gating of ClC-0 is difficult to characterize in a quantita-
tive manner at the single channel level because the gate
operates at a very slow rate. Recently, by measuring
macroscopic current relaxation from 
 
Xenopus
 
 oocytes
expressing ClC-0, Pusch et al. (1997) discovered that
the inactivation rate of ClC-0 was highly temperature
dependent with a Q
 
10
 
 of 
 
z
 
40.
The high temperature dependence of the slow gating
of ClC-0 suggests that the process may involve a very
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2
 
1
 
complex conformational change of the channel mole-
cule (Pusch et al., 1997). The mechanism underlying
this complex slow-gating transition, however, is not well
understood. There have been so far only a few point
mutants of the channel whose slow-gating processes are
altered (Ludewig et al., 1996, 1997). The amino acid
residues that have been identified, however, are scat-
tered throughout the entire channel sequence, making
a mechanistic interpretation of the mutation effect
rather difficult. Another problem that hinders a better
understanding of ClC-0 inactivation comes from the
fact that there are few useful molecular probes that can
interfere with this gating transition. Previously, Cd
 
2
 
1
 
,
Ni
 
2
 
1
 
, and Zn
 
2
 
1
 
 have been shown to interact with the
permeation and the gating processes in a variety of ion
channels (Backx et al., 1992; Karpen et al., 1993; Yellen
et al., 1994; Gordon and Zagotta, 1995; Liu et al.,
1997). Results from studying the interaction of these di-
valent cations with channel proteins provide insightful
information to understand not only the functional but
also the structural aspects of these channel molecules.
The interesting issue here is whether these useful metal
ions are able to interact with ClC-0. 
The modulation of ClC-type Cl
 
2
 
 channels by divalent
metal ions is not without precedence. Early investiga-
tions have revealed that Zn
 
2
 
1
 
 inhibits the resting con-
ductance of the frog skeletal muscle (Hutter and
Warner, 1967; Stanfield, 1970; Bretag et al., 1984), the
majority of which is contributed by a Cl
 
2
 
 conductance,
most likely ClC-1. Recently, human and rat ClC-1 chan-
nels were expressed in 
 
Xenopus
 
 oocyte, mammalian,
and insect cell lines, and the channels were found to be
irreversibly blocked by Zn
 
2
 
1
 
 and Cd
 
2
 
1
 
 (Krz et al.,
1997; Rychkov et al., 1997). The underlying mecha-
nisms for these inhibitions, however, were not under-
stood. ClC-0 is similar to ClC-1 not only in the amino
acid sequence, but also in gating properties (Jentsch
et al., 1990; Steinmeyer et al., 1991). In the present
study, I show that Zn
 
2
 
1
 
 can also inhibit the ClC-0 chan-
nel. Unlike in the case of ClC-1, the inhibition of ClC-0
by Zn
 
2
 
1
 
 is reversible. Detailed characterization of this
inhibition indicates that the effect appears to be due to
a facilitation of the slow gating. This observation thus
provides an opportunity of using Zn
 
2
 
1
 
 to explore the
molecular mechanism of the slow-gating process of
ClC-0.
 
materials and methods
 
Molecular Biology and Channel Expression
 
All experiments were carried out in 
 
Xenopus
 
 oocytes expressing
wild-type ClC-0 originally cloned from 
 
Torpedo
 
 electric organ
(Jentsch et al., 1990). The modified version of the cDNA,
pRM105, in which most of the 3
 
9
 
 and 5
 
9
 
 untranslated regions
were deleted, was first linearized by restriction enzyme ScaI (New
England Biolabs Inc., Beverly, MA). Capped cRNA was then tran-
scribed in vitro using the T3 mMessage mMachine kit (Ambion
Inc., Austin, TX). 
 
Xenopus
 
 oocytes were surgically removed and
dissociated for 1 h in nominally calcium-free OR-2 solution (con-
taining [mM]: 96 NaCl, 2 KCl, 2 MgCl
 
2
 
, and 5 Na-HEPES, pH
7.6) containing 1 mg/ml of type II collagenase (GIBCO BRL,
Gaithersburg, MD). Follicle-free stage VÐVI oocytes were selected
and injected with 50 nl synthetic mRNA in distilled water (0.01Ð
0.2 mg/ml). Injected oocytes were maintained at 18
 
8
 
C (
 
6
 
3
 
8
 
C) in
ND96 solution (containing [mM]: 96 NaCl, 2 KCl, 1.8 CaCl
 
2
 
,
1 MgCl
 
2
 
, and 5 Na-HEPES, pH 7.6, plus 0.2 mg/ml gentamicin)
and, with daily change of the ND-96 maintaining solution, were
usually able to survive for 7Ð10 d.
 
Electrical Recording and Data Analysis
 
Whole oocyte ClC-0 current was recorded with a two-electrode
voltage clamp amplifier (725C; Warner Instruments, Hamden,
CT) 1Ð4 d after mRNA injection. Microelectrodes were filled with
3 M KCl and had resistance of 0.2Ð1.0 M
 
V
 
. The current, filtered
at 1 kHz by the built-in filter of the amplifier, was digitized at 2Ð5
kHz using Digidata 1200 data acquisition board and pClamp6
software (Axon Instruments, Foster City, CA). Expression of ClC-0
was checked with a voltage protocol similar to that shown in Fig.
2 
 
A
 
. This protocol elicited a characteristic current crossover in
the voltage range from 
 
2
 
150 to 
 
2
 
80 mV in the injected oocytes
(see Fig. 2 
 
B
 
), indicating a successful expression of ClC-0.
For a typical experiment, the recording room was set at the de-
sired temperature. Oocytes were then brought out of the incubat-
ing chamber to equilibrate the temperature of incubating solu-
tion to the room temperature at least 30 min before recording.
The bathing (external) solution for assaying the effect of Zn
 
2
 
1
 
was a low Ca
 
2
 
1
 
ÐND96 solution containing (mM): 96 NaCl, 2 KCl,
0.3 CaCl
 
2
 
, 1 MgCl
 
2
 
, and 5 Na-HEPES, pH 7.6. ZnCl
 
2
 
 (J.T. Baker,
Inc., Phillipsburg, NJ) and chloride salts of other transition met-
als were dissolved in water as 100 mM stock solution and then
added to the low Ca
 
2
 
1
 
ÐND96 solution to obtain the indicated
concentration.
To examine the kinetics of the slow-gating process, the slow
gate was first opened with multiple short hyperpolarized pulses
(
 
2
 
120 to 
 
2
 
150 mV, 50Ð200 ms in duration) given at a frequency
of 0.5Ð1 Hz. The membrane potential was then held at 
 
2
 
30 mV,
a value close to the equilibrium potential of Cl
 
2
 
, and a 100-ms
voltage pulse to 
 
1
 
40 mV was given every 2Ð6 s to monitor the cur-
rent relaxation. The frequency of the given 
 
1
 
40-mV voltage
pulses had no effect on the slow-gating relaxation rate.
To evaluate the effects of Zn
 
2
 
1
 
 and other metal ions, the oo-
cyte current was monitored with repetitive voltage pulses at a
constant holding potential, usually 
 
2
 
30 mV. The metal ions were
applied only after the current reached a steady state. EGTAÐ
ND96 solution was used as the control and wash solutions. Its
composition was the same as that of the low Ca
 
2
 
1
 
ÐND96 solution,
except that an additional 1 mM CaCl
 
2
 
 and 1 mM EGTA was
added, with the pH adjusted to 7.6 after addition of the extra
components. Since EGTA has a higher affinity for Zn
 
2
 
1
 
 than for
Ca
 
2
 
1
 
, the wash solution chelates any leftover Zn
 
2
 
1
 
 (Yellen et al.,
1994). The switch between EGTAÐND96 solution and low Ca
 
2
 
1
 
Ð
ND96 solution causes little change in the current amplitude. For
more precise measurements of the on and off rates of Zn
 
2
 
1
 
 inhi-
bition (see Fig. 3 
 
A
 
), the flow rate was at 
 
z
 
25 ml/min, whereas
the volume of the recording chamber was 
 
z
 
1 ml. The time con-
stant of the solution exchange was 
 
z
 
2 s, as judged from the time
course of tetraethylammonium (TEA)
 
1
 
 inhibition of a 
 
Shaker
 
 K
 
1
 
channel (see Fig. 3 
 
B
 
). It therefore took 
 
z
 
5Ð6 s to exchange the
 
1
 
Abbreviation used in this paper:
 
 TEA, tetraethylammonium. 
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solution of the recording chamber to 99%. This delay was rela-
tively small in comparison with the time constants of the slow gat-
ing of ClC-0 in most experiments. As the slow gating of ClC-0 and
the Zn
 
2
 
1
 
 inhibition were highly temperature dependent, all solu-
tions used for recording were incubated at the desired tempera-
ture before use. The temperature of the perfusion solution was
monitored by a small temperature-sensitive element (Warner In-
struments). Typically, its variation was less than 
 
6
 
0.3
 
8
 
C through-
out an experiment.
The ClC-0 current amplitude was usually measured near the
end of the 
 
1
 
40-mV voltage pulse when the opening of the fast
gate is at steady state. Because the channel does not close com-
pletely even at very negative membrane potential (Chen and
Miller, 1996; Ludewig et al., 1997), the nonspecific ÒleakÓ current
was not subtracted in all experiments. The leak fraction, how-
ever, was estimated separately with two approaches. In one set of
experiments, oocytes without mRNA injection were recorded in
low Ca
 
2
 
1
 
ÐND96 solution. Alternatively, oocytes expressing ClC-0
were recorded in 0 Cl
 
2
 
 solution (containing [mM]: 98 Na-
Glutamate, 1.3 MgSO
 
4
 
, and 5 Na-HEPES, pH 7.6), a condition in
which the inward Cl
 
2
 
 flux is abolished. The measurements in
both cases gave leak currents at 
 
1
 
40 mV of 
 
z
 
0.1Ð0.2 
 
m
 
A, which
were usually 
 
,
 
2Ð3% of the maximal current in a typical oocyte
used in this study. Little current difference between these two
ways of leak measurements was discerned, indicating that the en-
dogenous Cl
 
2
 
 current of the oocytes did not contribute much to
the observed current.
Data analysis was conducted with software programs in
pClamp6 (Axon Instruments) and Origin 4.0 (Microcal Software,
Inc., Northampton, MA). Curve fittings were performed with
an un-weighted least-squares method. Results are presented as
mean 
 
6
 
 SEM.
 
results
 
Sensitivity of ClC-0 to Various Divalent Metal Ions 
 
Fig. 1 A shows the effects of several divalent metal ions
on the steady state current of the oocyte. These metal
ions have different potencies to inhibit the current.
The comparison among various ions can usually be car-
ried out on the same oocyte since the inhibition is re-
versible after the ion is washed out. In these experi-
ments, Zn21 had the strongest effect to inhibit ClC-0
with an apparent IC50 of z1Ð3 mM (Fig. 1 B). Cd21 and
Ni21 can also inhibit the current, but with a weaker ef-
fect. On the other hand, Co21 and Mn21 had almost no
effect at concentrations up to 1Ð1.3 mM.
Extracellular Zn21 Has Little Effect on the Fast Gating
of ClC-0
Although Zn21 can reduce the steady state current of
ClC-0 with relatively high affinity, its effect on the fast
gate of the channel is only minimal. Fig. 2 A shows the
voltage protocol similar to that used by Pusch et al.
(1995) to examine the fast gating of ClC-0. The current
families elicited by this voltage protocol in the absence
or presence of Zn21 were shown in Fig. 2 B. Application
of 10 mM Zn21 inhibits the current by about half at all
voltages (Fig. 2 B, left and middle), indicating a voltage-
independent inhibition. The current recovers com-
pletely after Zn21 washout (Fig. 2 B, right).
The effect of Zn21 on the fast gate of ClC-0 was evalu-
ated in two ways: the steady state open probability (Po)
and the kinetics of the fast gate. To determine the Po of
the fast gate from Fig. 2 B, the tail current was extrapo-
lated to the onset of period 4. Normalization of these
extrapolated values to the maximal value (usually the
one following the 180-mV test pulse) yielded the rela-
tive PoÕs at the corresponding membrane potentials in
period 3 (Pusch et al., 1995). Fig. 2 C shows that the
steady state PoÐV curves in the presence and absence of
Zn21 are identical, indicating that Zn21 has little effect
on the fast gate. The effect of Zn21 on the kinetics of
the fast gate was evaluated by examining the fast-gating
relaxation. The current deactivation in period 3 was fit-
ted to a single-exponential function (Pusch et al., 1997;
Ludewig et al., 1997) and the time constants at various
voltages were plotted in Fig. 2 D. The effect of Zn21 on
Figure 1. (A) Effects of various divalent metal ions on the steady
state current of the ClC-0 Cl2 channel. The membrane potential of
the oocyte was clamped at 230 or 240 mV. Each circle represents
the current amplitude monitored by a 100-ms voltage pulse to 130
or 140 mV given every 5 or 6 s. Dotted lines show zero-current
level. Solutions containing desired concentrations of various heavy
metal ions were perfused in (downward arrows) and out (upward ar-
rows), as indicated. (B) Concentration-dependent inhibition of the
steady state current by Zn21. Holding potential was at 230 mV.
Continuous recording at 27.48C for more than 50 min.718 Inhibition of ClC-0 by Zn21
these deactivation time constants is also minimal. The
time constants in the presence and absence of Zn21,
again, overlap with each other, particularly in the volt-
age range from 2100 to 260 mV. In contrast, the re-
duction of the current by Zn21 is observed at all mem-
brane potentials (Fig. 2 B). Thus, the potent inhibition
by Zn21 shown in Fig. 1 is not likely due to an effect on
the fast gating of the channel.
Apparent On and Off Rates of Zn21 Inhibition Are 
Temperature Dependent
To further explore the mechanism of the Zn21 effect,
the kinetics of the inhibition was studied at a holding
potential of 230 mV. As shown in Fig. 3 A, the ampli-
tude of the whole oocyte current spontaneously de-
creases due to the closing of the slow gate, with the
time to reach a steady state depending on the tempera-
ture. After the relaxation was close to a steady state, 10
mM Zn21 was perfused in and out of the bath solution.
The apparent on and off rates of Zn21 inhibition were
surprisingly slow. In addition, both rates were highly
temperature dependent. To rule out the possibility that
the slow kinetics and the temperature dependence of
the Zn21 effect were due to slow solution exchange, this
exchange rate was measured using TEA to inhibit a
Shaker K 1 channel with the inactivation ball removed
(Fig. 3 B). Since TEA is known to block the Shaker K1
channel with on and off rates in the micro- to millisec-
ond time range (Hille, 1992), the time constants (z1Ð3 s)
measured from the TEA inhibition mostly reflect the
delay of the solution exchange. Fig. 3 C compares the
time constants of the Zn21 inhibition of ClC-0 with
those of the TEA inhibition of the Shaker K1 channel.
The apparent on and off rates of the Zn21 inhibition of
ClC-0 are clearly temperature dependent, whereas the
solution exchange rate is not. Furthermore, the kinet-
ics of the Zn21 inhibition is much slower than that of
the TEA inhibition. Except for high temperature con-
ditions that gave relatively fast inhibitory kinetics, the
rate of the solution exchange was usually 10-fold faster
than that of the Zn21 inhibition, indicating that the
slow kinetics of the Zn21 inhibition on ClC-0 do not
arise from the solution exchange.
Extracellular Zn21 Facilitates the Inactivation Relaxation
The strong temperature dependence of the inhibition
kinetics suggests that a complicated process may be in-
volved in Zn21-induced inhibition. With the inhibition
showing such slow kinetics and high temperature de-
pendence, it seems unlikely that Zn21 acts as an open
channel blocker to reduce the single-channel conduc-
tance of ClC-0. On the other hand, Zn21 is more likely
Figure 2. Extracellular Zn21
has little effect on the fast gate of
ClC-0. (A) Voltage protocol used
to evaluate the fast gate of ClC-0.
To focus on the fast gate, multi-
ple short negative voltage pulses
were applied to open the slow
gate before the experiment. A
2120-mV voltage step was first
given to further ensure maximal
activation of the slow gate (only
partially shown in 1). The fast
gate was then examined with a
voltage pulse to 160 mV (2), fol-
lowed by different test voltages
from  2160 to 180 mV in 20-mV
steps (3). The tail currents were
measured at 2100 mV (4). (B)
Families of currents in control
(left), 10 mM Zn21 ( middle) and
after Zn21 washout (right). Dot-
ted line shows level of zero cur-
rent. (C) Steady state PoÐV curves
of the fast gate. s, j, and h are
control, in 10 mM Zn21, and
wash, respectively (n 5 4). Solid
curves were drawn according to a
simple voltage equilibrium: Po 5
Pmin 1 (Pmax 2 Pmin)/[1 1 exp(2zF(V 2 Vo)/RT)], with z 5 0.7Ð0.83, Pmax 5 0.98Ð0.99, Pmin 5 0.01Ð0.16, and Vo 5 273 to 285 mV. The
differences among the three Po-V curves were observed only at voltages more negative than 2120 mV where the leak current contributed a
relatively big fraction to the observed current. (D) Time constants of deactivation phase in period 3 plotted against membrane voltages.
Symbols are as those in C.719 Chen
to alter the slow gating of ClC-0, which intrinsically has
a high Q10 (Pusch et al., 1997). To examine this possi-
bility, the slow-gating relaxation of ClC-0 was studied at
various temperatures with or without extracellular Zn21
(Fig. 4). Consistent with a previous study (Pusch et al.,
1997), the slow-gating relaxation follows a single-expo-
nential decay. In the absence of Zn21, the time constant
of the current relaxation is smaller with a higher tem-
perature. At a fixed temperature, Zn21 also speeds up
the inactivation relaxation process; the relaxation time
constant decreases with increasing Zn21 concentration.
From records like these, an Arrhenius plot of the time
constants of the slow-gating relaxation at different Zn21
concentrations was obtained (Fig. 5). The time con-
stant, t, depends on both temperature and Zn21 con-
centration. In the absence of Zn21, the slope of the fit-
Figure 3. Kinetics of Zn21 inhi-
bition and recovery are tempera-
ture sensitive. (A) Inhibition of
ClC-0 by 10 mM Zn21 at three dif-
ferent temperatures. (B) Inhibi-
tion of Shaker K1 channels by 20
mM TEA. The membrane poten-
tial was held at 280 mV and a 30-
ms voltage pulse to 130 mV was
given every second. Dotted lines
in A and B represent zero-cur-
rent level. (C) Comparison of the
time constants of Zn21 inhibition
of ClC-0 (s and n) with those of
TEA inhibition of the Shaker K 1
channel (d and m). Circles, time
constants of current inhibition;
triangles, time constants of cur-
rent recovery (n 5 4Ð5).
Figure 4. The slow-gating relaxation rate of
ClC-0 is sensitive to both temperature and extra-
cellular Zn21. Dotted lines show zero-current
level. Solid curves were the best fit to single-expo-
nential functions. Time constants at 0, 10, and
100  mM Zn21 were: (23.18C) 332.9, 81.2, and 17.6 s;
(26.58C) 109.3, 27.9, and 8.1 s; and (30.08C) 25.4,
6.0, and 2.4 s, respectively.720 Inhibition of ClC-0 by Zn21
ted line gives a Q10 of z37. Raising extracellular Zn21
concentration shortens the relaxation time constant at
all temperatures, but the slope of the fitted line does
not change. When Zn21 concentration is higher than
100 mM, the ability of Zn21 to speed up the slow-gating
kinetics appears to be saturated (Fig. 6). Curve fittings
to hyperbolic equations give apparent half effective
concentrations (K1/2Õs) from z20Ð40  mM at various
temperatures. The ratio between the rate at saturated
Zn21 (the fitted Y`) and in the absence of Zn21 (the fit-
ted Yo) ranges from 18.6 to 35.9. As will be shown later,
the K1/2 and the ratio Y`/Yo from this analysis are infor-
mative to assess the Zn21-binding affinities of the chan-
nel at different states.
A Four-State Scheme Describes the Inhibitory Effect of Zn21
The inhibition of ClC-0 by the extracellular Zn21 shown
above can be explained by a simple four-state model
(Scheme I). Here, z represents Zn21, and O and I are
the open and inactivated states of the channel. K1 and
K2 are gating equilibrium constants between O and I
and between Oz and Iz, whereas Kd and Kd* are appar-
ent dissociation constants of Zn21 binding to the open
and inactivated channels, respectively. In this scheme,
the closed state of the channel is ignored because most
of the noninactivated channels are in the open state
(versus close state) at a holding potential of 230 mV
(Pusch et al. 1995; Chen and Miller, 1996). The bind-
ing and unbinding of Zn21 to the channel are probably
several orders of magnitude faster than the slow-gating
transition because the latter operates at a time scale of
tens to hundreds of seconds (Fig. 4). Thus, the rate-lim-
iting steps of the steady state current inhibition by Zn21
and the current recovery after Zn21 washout must re-
side between Oz and Iz, and between O and I, respec-
tively. This consideration predicts that the observed on
rate of Zn21 inhibition should be identical to the inacti-
vation relaxation rate at the same Zn21 concentration.
Furthermore, the observed off rate of Zn21 inhibition
must also equal the inactivation relaxation rate in the
absence of Zn21. Fig. 5 compares, at various tempera-
tures, the apparent on and off rates of Zn21 inhibition
with the inactivation relaxation rates with or without 10
mM Zn21. Except for the comparisons of the on rate of
Zn21 inhibition with the inactivation rate at high tem-
peratures, the above two predictions are fulfilled. At
the highest two temperatures, 28.38 and 30.08C, the
time constants of the inhibition by 10 mM Zn21 were
19.0 6 5.1 (n 5 4) and 9.4 6 1.4 (n 5 5) s, respectively,
whereas the inactivation relaxation time constants at
the same Zn21 concentration were 11.5 6 2.1 (n 5 8)
and 6.5 6 0.9 (n 5 8) s. The difference between these
two cases is z3Ð8 s, a value comparable to the time for
the solution exchange. The 3Ð8-s delay, however, is rel-
atively small in comparison with slow-gating relaxation
rates in other experimental conditions. Thus, these re-
sults show that the apparent on rate for Zn21 to inhibit
the steady state current is indeed equal to the inactiva-
Figure 5. Arrhenius plot of the slow-gating relaxation time con-
stants in various external [Zn21]. The time constant t of the slow-
gating relaxation was evaluated from experiments similar to those
shown in Fig. 4 (n 5 7Ð8). Solid lines were the best fit to Y 5 A 1
BX, where Y is log10(t) and X is the inverse of temperature. Exter-
nal [Zn21] (mM) and the Q10s of the fitted lines were: (h) 0, 36.5;
(n) 10, 46.2; (s) 100, 29.7. 3 and r are the time constants of
Zn21 inhibition and recovery shown in Fig. 3 C.
Figure 6. Slow-gating relaxation rate as a function of external
[Zn21]. Data points were fitted to Y 5 Yo 1 X ? Y`/(X 1 K1/2). The
fitted K1/2s (mM) and Y`/Yo were: (21.38C, h) 33.2, 29.2; (23.18C,
s) 40.4, 35.9; (24.88C,  n) 39.0, 26.3; (26.58C,  j) 26.6, 27.5;
(28.38C, d) 22.0, 18.6; (30.08C, m) 21.5, 18.7. The increase of the
inactivation rate by Zn21, if all comes from the activation entropy,
corresponds to an increase of DS of 24.3Ð29.8 J/mol per 8K (see
text for detailed discussion).721 Chen
tion relaxation rate at the same Zn21 concentration, in-
dicating that Zn21 is very likely acting on the inactiva-
tion process of the channel.
The four-state scheme given above requires that the
Zn21 binding affinity of the inactivated channel be
higher than that of the open channel; that is, Kd . Kd*.
This is because the ratio Kd/Kd* must equal K2/K1,
which is .1. Let transition rates a1 and b1 be the for-
ward rate (the rate of inactivation) and the backward
rate (the rate of recovery from inactivation) of the slow
gating of the unliganded ClC-0, respectively, and a2
and b2 be those of the Zn21-bound channel. It can be
shown that if Zn21 increases only the forward rate (that
is, b1 5 b2), the K1/2 obtained from Fig. 6 would be Kd.
On the other hand, if the effect of Zn21 is solely on b
(that is, a1 5 a2), K1/2 would be Kd*. The latter possibil-
ity can be ruled out even at this stage since the increase
of b alone by Zn21 would have led to a potentiation in-
stead of an inhibition of the steady state current. There
is, however, a possibility that Zn21 may affect both the
forward and backward rates of the slow-gating process.
To address this question, it will be informative to evalu-
ate the equilibrium between O and I by constructing
the activation curve of the slow gate.
Effect of Zn21 on the Activation Curve of the Slow Gate
The voltage-dependent activation of the slow gate was
examined with a protocol shown on top of Fig. 7 A, in
which a 7-s prepulse from 0 to 2140 or 2150 mV in
210-mV steps was followed by a 0.8-s test pulse at 140
mV. This voltage protocol had been used previously to
examine the activation curve of the slow-gating process,
and it was found that the 7-s prepulse is long enough to
maximally activate the slow gate (Pusch et al., 1997). As
shown in Fig. 7 A, Zn21 inhibits the activation of the
slow gate in a dose-dependent manner. Fig. 7 B plots
the current measured at the test pulse as a function of
the prepulse voltage. This quasiÐsteady state activation
curve shows a biphasic response for the open probabil-
ity of the slow gate. The peak of the activation curves is
around  2120 mV in this experiment carried out at
23.88C. The activation curves at 19.88 and 28.08C reveal
a similar pattern of voltage dependence (Fig. 7 C). In
(scheme i)
all three temperatures, 10 and 100 mM Zn21 do not
change the biphasic behavior of the activation curve,
suggesting that Zn21 has little effect on the current-
decreasing phase at very negative potentials. The non-
monotonic behavior of the activation curve has been
observed previously (Ludewig et al., 1997; Fong et al.,
1998). The current reduction at the hyperpolarized
end of the curve may be due to an additional unknown
mechanism that closes the channel with strong nega-
tive potential. Therefore, I have restricted my attention
to the voltage range more depolarized than 2120 mV
to simplify the analysis. In all situations, Zn21 inhibits
currents at all voltages with approximately the same de-
gree, suggesting that the inhibition has little voltage de-
pendence. The fractional inhibition ranges from z50
to 70% at 10 mM Zn21 and z80 to 95% at 100 mM Zn21.
Effect of Zn21 Is Mostly on the Forward Rate of Inactivation 
With information from kinetics as well as quasiÐsteady
state equilibrium, it is possible to evaluate the rate con-
stants of the slow-gating process. In the quasiÐsteady
state activation curve, the current does not further de-
crease when the membrane potential is more depolar-
ized than 230 mV (Fig. 7, B and C; also see Pusch et al.,
1997). The noninactivated current fraction, obtained
by normalizing the current amplitude at 230 mV (I) to
the maximal current in the activation curve (Imax), can
be expressed as a function of the forward (a) and back-
ward (b) rate constants of the slow-gating process:
I/Imax 5 b/(a1b). (1)
In addition, the observed time constant t of the slow-
gating relaxation shown in Fig. 4 is also a function of a
and b, with the following relation: 
t 5 1/(a1b). (2)
Table I lists, at three temperatures, the relaxation time
constant t and the steady state fraction of the noninac-
tivated current, I/Imax. The calculated forward rate con-
stant a and backward rate constant b are also shown.
Without considering the leak current (numbers out-
side parentheses in Table I), both a and b increase
with Zn21. The ratio between b at 100 mM Zn21 (b100)
and in the absence of Zn21 (b0) ranges from z2 to 5,
whereas the ratio between a at 100 mM Zn21 (a100) and
a in the absence of Zn21 (a0) ranges from z13 to 18.
Even under such situations where the analysis is con-
taminated with the leak current, most of the Zn21 effect
is on the forward rate a. When 1, 2, or 3% of the total
current is considered as the leak, the ratio a100/a0 is
not sensitive to variable leak fractions, whereas the ra-
tio b100/b0 becomes z2Ð4, 1Ð3, and 0.6Ð1.5, respec-
tively. Clearly, as more of the current is subtracted, the
effect of Zn21 on b gets smaller. It is difficult to give an
exact number for the leak fraction from these experi-722 Inhibition of ClC-0 by Zn21
ments since ClC-0 does not close completely even at
very large negative potentials (Chen and Miller, 1996;
Ludewig et al., 1997). However, the leak currents ob-
served from recordings of uninjected oocytes were usu-
ally z0.1Ð0.2 mA at 140 mV, and the maximal currents
of the oocytes for the experiments in Fig. 7 C were z3Ð8
mA. Therefore, it seems reasonable to give a leak frac-
tion of at least 2Ð3%. This number can also be indepen-
dently checked by recording oocytes in 0 Cl2 solution
(see materials and methods).
The data corrected with leak subtraction are shown
within parentheses in Table I. The leak fraction is cho-
Figure 7. Effects of Zn21 on
the quasiÐsteady state activation
curve of the slow gate. (A) Family
of current traces elicited at 0, 10,
and 100 mM Zn21 with a voltage
protocol shown on top. All traces
were from the same oocyte at
24.08C. The membrane poten-
tial was first held at 230 mV for
the slow gating to reach steady
state before each experiment
started. Horizontal dotted lines
indicate level of zero current. (B)
QuasiÐsteady state activation
curves at various Zn21 concentra-
tions from the experiment
shown in A. The current ampli-
tudes were measured at the verti-
cal dotted line shown in B. h, s,
and n represent control, 10, and
100  mM Zn21, respectively. (C)
Averaged quasiÐsteady state acti-
vation curves at 19.8, 24.0, and
28.38C. Symbols are as those in B
(n 5 3Ð5).
table i
Effects of Zn21 on the Forward (a) and Backward (b) Rates of Inactivation
[Zn21] (mM)
t (s) I/Imax b (3 1023 s21) a (3 1023 s21)
a100/a0 0 10 100 0 10 100 b0 b10 b100 b100/b0 a0 a10 a100
19.8¡C 1093.3 344.7 75.5 0.2508 0.1271 0.0516 0.229 0.369 0.683 2.98 0.686 2.532 12.562 18.31
(0.2208) (0.0971) (0.0216) (0.202) (0.282) (0.286) 1.42 (0.713) (2.619) (12.959) 18.18
24.0¡C 235.4 67.1 17.8 0.2213 0.0891 0.0391 0.940 1.328 2.197 2.34 3.308 13.575 53.983 16.32
(0.1913) (0.0591) (0.0091) (0.813) (0.881) (0.511) 0.63 (3.435) (14.022) (55.669) 16.21
28.3¡C 51.1 13.2 4.2 0.0908 0.0561 0.0378 1.777 4.250 9.000 5.06 17.792 71.508 229.095 12.88
(0.0608) (0.0261) (0.0078) (1.190) (1.977) (1.857) 1.56 (18.379) (73.781) (236.238) 12.85
The table lists the slow-gating relaxation time constant (t) calculated from Fig. 5, the noninactivated current fraction (I/Imax) obtained from Fig. 7 C, the
forward (a) and the backward (b) rates of inactivation at three different temperatures, and in 0, 10, and 100 mM Zn21. b was calculated by dividing I/Imax
by t (Eq. 1), whereas a was obtained by subtracting b from 1/t (Eq. 2). The numbers outside the parentheses were derived from original measured cur-
rent without leak subtraction. The I/Imax values in parentheses were obtained by subtracting 0.03 from the original values outside parentheses and the aÕs
and bÕs in parentheses were calculated accordingly.723 Chen
sen to be 3% of the maximal current. Under this con-
dition, the aÕs at 100 mM Zn21 are z13Ð18-fold larger
than those in the absence of Zn21. On the other hand,
Zn21 has almost no effect on the backward rate b at
all three temperatures. This argues that K2/K1 should
be equal to a2/a1 if Scheme I is considered. The ratio
Y`/Yo from Fig. 6 can be used to approximate a2/a1
since b is small in comparison with a (compare b0 and
b100 with a0 and a100 in Table I). The dissociation con-
stant for Zn21 binding to the open channel (Kd) is z30
mM, whereas Y`/Yo ranges from 18.6 to 35.9 (Fig. 6).
To a first degree of approximation, the dissociation
constant for Zn21 binding to the inactivated channel
(Kd*) should be z1 mM. It is interesting to point out
that Kd* should be close to the apparent K1/2 of Zn21
inhibition on the steady state current at 230 mV,
where the O « I transition favors the I state. Further-
more, the more the I state is favored (that is, the
higher the K1 value as the temperature is raised), the
closer the observed affinity to Kd*. In Fig. 3 A, the frac-
tional inhibition of the steady state current by 10 mM
Zn21 is .50%, consistent with the Kd* value inferred
from the above analysis. The dose-dependent inhibi-
tion of the steady state current by Zn21 performed at
temperatures around 25Ð308C usually gave an appar-
ent K1/2 of z1Ð3 mM (Fig. 1 B).
discussion
Transition metal ions have long been used to explore
the structure and function of ion channels. In the
present study, I have shown that Zn21 can reversibly
inhibit ClC-0. The effect of Zn21 on the fast gate is only
minimal and cannot explain the magnitude of Zn21
inhibition. Rather, Zn21 appears to inhibit the chan-
nel by facilitating the slow-gating process. Such a cou-
pled equilibrium system, in which the binding of a
divalent metal ion is coupled to the inactivation of an
ion channel, has been characterized on the Shaker K1
channel (Yellen et al., 1994). The binding of Cd21 to
the external mouth of the Shaker channel via an engi-
neered cysteine was found to modulate the C-type
inactivation of the channel, with the Cd21 affinity in-
creased by 45,000-fold for the inactivated channel.
This effect is due to a destabilization of the open state
as well as a stabilization of the inactivated state of the
Shaker channel. In the present study, although the
Zn21 affinity of the inactivated ClC-0 is only 30-fold
higher than that of the open channel, the same prin-
ciple of coupled binding still applies. The effect of
Zn21 on the slow-gating equilibrium of ClC-0 appears
to come mostly from an increase of the forward rate
constant of the inactivation.
The inhibition of ClC channels by transition metal
ions was also found in ClC-1 and ClC-2. However, the
apparent affinity of Zn21 inhibition of ClC-0 is very dif-
ferent from those of ClC-1 and ClC-2. For the Torpedo
channel, the apparent K1/2 for Zn21 to inhibit the
steady state current is z1Ð3 mM (Fig. 1 B). In contrast,
Zn21 and Cd21 inhibit ClC-1 and ClC-2 with apparent
K1/2Õs at least 50Ð100-fold higher (Krz et al., 1997;
Rychkov et al., 1997; Clark et al., 1998), suggesting a dif-
ferent inhibition mechanism. As the inhibition of ClC-0
by Zn21 is through the facilitation of the slow gating,
the lack of a high-affinity block in ClC-1 and ClC-2 by
Zn21 or Cd21 may suggest the absence of a similar Zn21-
sensitive, highly temperature-dependent slow-gating pro-
cess in these two mammalian channels.
Although the four-state scheme (Scheme I) appears
to explain well the effect of Zn21 at a constant holding
potential of 230 mV, problems with this simple scheme
are obvious when the membrane potential is changed.
In Scheme I, the same voltage and temperature depen-
dence are assigned at the transitions O « I and Oz «
Iz. Under this condition, hyperpolarization, which
opens the slow gate and shifts the channel (Zn21
bound or unbound) mostly to the O state, would re-
duce the Zn21 inhibition since the Zn21-bound O state
is conducting. At an extremely negative membrane po-
tential, the current should be the same whether in the
absence or presence of Zn21. In other words, Zn21 must
shift the activation curve to the left along the voltage
axis without changing the maximal and minimal cur-
rent levels (see modeling in Fig. 8 A). The experimen-
tal results in Fig. 7, however, show that this appears not
to be the case. 
The problem of Scheme I discussed above comes
from naively assigning the slow gating as a simple pro-
cess between only two states, O and I. Pusch et al. (1997)
pointed out that any Markov-type model to describe
the slow gating itself requires at least four states. Based
on the quasiÐsteady state activation curves at different
temperatures, they suggested the model shown in
Scheme II. Here, O1 and O2 represent the two states in
which the slow gate is open (that is, the noninactivated
states), whereas I1 and I2 are the two states in which the
slow gate is closed (the inactivated states). KABs are
equilibrium constants between states A and B. The pe-
culiar feature of this model is that the transitions be-
tween O and I (O1 « I1 and O2 « I2) are temperature,
but not voltage, dependent. The voltage dependence
instead resides in the transitions between states 1 and 2
(O1 « O2 and I1 « I2; Pusch et al., 1997). Thus, as long
as the free energy of the slow-gating transition of chan-
nel population 1 differs from that of channel popula-
tion 2 (that is, KO1I1 ? KO2I2), the open probability of
the slow gate would reveal voltage dependence. At a
fixed voltage (e.g., 230 mV), the total free energy of
the slow-gating transition for all channels is constant at
the same temperature, so Scheme II would automati-724 Inhibition of ClC-0 by Zn21
cally reduce to a two-state process. Under such situa-
tions, Scheme I would be able to explain the effect of
Zn21 as being achieved from the analysis of the Zn21 in-
hibition on the steady state current at 230 mV.
As Zn21 apparently exerts its effect on the slow-gating
process, one can examine whether Scheme II is valid by
studying the effect of Zn21 on the quasiÐsteady state ac-
tivation curve. The examination can be illustrated in
Scheme III. Here, the four states in front represent
Scheme II and each of the four species is then con-
nected to a Zn21-bound state. The dissociation con-
stants for Zn21 binding to the channels (Kd and Kd*)
and the equilibrium gating constants among the Zn21-
(scheme ii)
unbound states have the same meanings as those in
Schemes I and II, respectively. To model the effects of
Zn21 on activation curves, the enthalpy and entropy of
the transitions among Zn21-unbound states were taken
from Pusch et al. (1997). In addition, two pieces of in-
formation from Fig. 6 are also used: the dissociation
constant of Zn21 binding to the open-state channel
(Kd) is 30 mM, and the entropy difference of the slow-
gating transition in the Zn21-bound channel is in-
creased by 27 J/mol/8K. The latter is calculated from
the ratio Y`/Yo, according to transition state theory and
assuming that the backward rate of the inactivation
process is not affected by Zn21 (see results). Fig. 8 A
shows that Zn21 shifts the activation curve along the
voltage axis when only two states, O and I, are used to
describe the slow gating (Scheme I). On the other
hand, the activation curves derived from Scheme III
show a Zn21 inhibition pattern similar to the experi-
mental results (Fig. 8 B). The curve shifts along the lon-
gitudinal axis by raising extracellular Zn21, a pattern
similar to that made by increasing temperature (Pusch
et al., 1997). This similarity is not surprising since a
change in temperature is equivalent to a change in en-
tropy with respect to their contributions to the free en-
ergy of the slow-gating process.
Figure 8. Simulation for the
effect of Zn21 on the quasiÐ
steady state activation curve of
the slow gate. Activation curves
were generated based on Scheme
I (A) and Scheme III (B) in the
presence of 0, 10, and 100 mM
Zn21 at 208 ( left), 248 ( middle),
and 288C (right). The ratio of
the occupation probability of
any two states, A and B, is as-
sumed to be of the form: 1/KAB
5  PA/PB  5  exp(2DGAB/RT)  5
exp(DSAB/R  2 DHAB/RT  1
zABVF/RT), where KAB is the
equilibrium constant, and DGAB,
DSAB, and DHAB are the differ-
ence in Gibbs free energy, en-
tropy, and enthalpy between the
two states, respectively. R, T,
and  F have their usual mean-
ings. V is the membrane voltage
and zAB is the Ògating valenceÓ
describing the voltage depen-
dence of the transition A « B. The values of the above parameters in the absence of Zn21 were the same as those in a previous paper
(Pusch et al., 1997) except for DHO1O2. They are shown as follows (DH in kJ/mol, DS in kJ/mol/8K): (A) DHOI 5 280, DSOI 5 20.29,
zOI 5 22; (B) DHO1I1 5 277, DSO1I1 5 20.26, zO1I1 5 0, DHO1O2 5 10, DSO1O2 5 0, zO1O2 5 22, DHO2I2 5 278, DSO2I2 5 20.27, zO2I2 5 0.
Assigning 10 kJ/mol for DHO1O2 makes all curves in B shift to the left by z40 mV so that the curves from modeling are more similar to
the experimental data with respect to their positions along the voltage axis. It does not affect the effect of Zn21, which shifts the curve
from top to bottom. Even with this adjustment, the assigned values in B do not provide a superb prediction for the plateau at positive
voltages as they give a much larger noninactivated fractional current than the data shown in Fig. 7. This difference is not important
since the pattern of Zn21 inhibition is basically the same as that in the experimental data. The numbers 0, 10, and 100 indicate Zn21
concentrations.725 Chen
Scheme III thus describes the effect of Zn21 on the
quasiÐsteady state activation curve well, but only at volt-
ages more depolarized than 2120 mV. As the mem-
brane potential is more negative than 2120 mV, the
open probability of the slow gate becomes paradoxi-
cally smaller. There is very limited information about
the slow gating at such hyperpolarized membrane po-
tentials, so the underlying mechanism is difficult to ad-
dress at the present time. However, the facilitation of
inactivation upon depleting permeant ions has been
observed in other channels (Baukrowitz and Yellen,
1995, 1996; Townsend and Horn, 1997). This possibil-
ity cannot be ruled out here since reduction of the in-
tracellular Cl2 concentration, at least near the internal
mouth of the channel, is very likely to occur in such a
hyperpolarized condition. The slow gating of ClC-0 has
long been known to couple to the Cl2 flux across the
channel pore (Richard and Miller, 1990). Thus, the
slow gating of ClC-0 could be more complicated than
the above gating scheme if the Cl2 effect is considered.
(scheme iii)
The high activation energy of the inactivation of ClC-0
is consistent with a complex conformational change
thought to involve subunit interaction between two
protomers (Pusch et al., 1997). In the Arrhenius plot,
Zn21 simply shifts the line describing temperature de-
pendence without altering the slope of the line (Fig.
5). This suggests that Zn21 binding does not change
the activation enthalpy of the slow-gating process, but
results in a bigger entropy difference between the open
and transition states. Assuming the transition state with
or without Zn21 has the same entropy, the open state
must have a lower entropy in the presence than in the
absence of Zn21. One can imagine that the complex
slow-gating process may involve a step that requires
some kind of order in the channel protein (or part of
the channel protein, for example, a less movable loop),
which renders the inactivation process relatively unfa-
vorable. Zn21, in binding to the channel, may facilitate
this process by providing the order that would other-
wise be more difficult to reach in the absence of Zn21.
This suggestion, however, is only one of the many inter-
pretations based on thermodynamic arguments. The
structural evidence to support this implication awaits
more characterization of the channel molecule.
In summary, I have shown that Zn21 can reversibly in-
hibit the ClC-0 Cl2 channel from Torpedo electroplax.
This effect is likely due to an increase of the inactiva-
tion rate of the channel with little changes on the rate
of recovery from the inactivation state. The molecular
structure of the slow gate and how it functions are
largely unknown. Zn21, due to its effect on the inactiva-
tion process of ClC-0, may be used to further explore
the slow gating of ClC-0 in the future.
I thank Prof. Chris Miller, who initiated this project by showing that the ash of burned spider venom retained the ability to in-
hibit ClC-0 just as potently as the fresh venom. I would also like to thank Drs. Tzyh-Chang Hwang and Ru-Chi Shieh for their
comments on the manuscript. 
This research was supported in part by grants NSC86-2314-B010-123T and NSC87-2314-B010-103 from the National Science
Council, and also by a grant DOH88-HR-813 from National Health Research Institutes, Taiwan, ROC.
Original version received 4 May 1998 and accepted version received 1 September 1998.
references
Backx, P.H., D.T. Yue, J.H. Lawrence, E. Marban, and G.F. Toma-
selli. 1992. Molecular localization of an ion-binding site within
the pore of mammalian sodium channels. Science. 257:248Ð251.
Baukrowitz, T., and G. Yellen. 1995. Modulation of K1 current by
frequency and external [K1]: a tale of two inactivation mecha-
nisms. Neuron. 15:951Ð960.
Baukrowitz, T., and G. Yellen. 1996. Use-dependent blockers and
exit rate of the last ion from the multi-ion pore of a K1 channel.
Science. 271:653Ð656.
Bretag, A.H., M.J. Fietz, and R.R.J. Bennet. 1984. The effects of zinc
and other transition metal ions on rat skeletal muscle. Proc. Aust.
Physiol. Pharmacol. Soc. 15:146P. (Abstr.)
Chen, T.-Y., and C. Miller. 1996. Nonequilibrium gating and volt-
age dependence of the ClC-0 Cl2 channel. J. Gen. Physiol. 108:
237Ð250.
Clark, S., S.-E. Jordt, T.J. Jentsch, and A. Mathie. 1998. Character-
ization of the hyperpolarization-activated chloride current in dis-
sociated rat sympathetic neurons. J. Physiol. (Lond.). 506:665Ð678.
Fong, P., A. Rehfeldt, and T.J. Jentsch. 1998. Determination of slow
gating in ClC-0, the voltage-gated chloride channel of Torpedo726 Inhibition of ClC-0 by Zn21
marmorata. Am. J. Physiol. 274:C966ÐC973.
Gordon, S.E., and W.N. Zagotta. 1995. A histidine residue associ-
ated with the gate of the cyclic nucleotide-activated channels in
rod photoreceptors. Neuron. 14:177Ð183.
Hanke, W., and C. Miller. 1983. Single chloride channels from Tor-
pedo electroplax: activation by protons. J. Gen. Physiol. 82:25Ð45.
Hille, B. 1992. Mechanisms of block. In Ion Channels of Excitable
Membranes. 2nd ed. B. Hille, editor. Sinauer Associates, Inc.
Sunderland, MA. 390Ð422.
Hutter, O.F., and A.E. Warner. 1967. Action of some foreign cat-
ions and anions on the chloride permeability of frog muscle. J.
Physiol. (Lond.). 189:445Ð460.
Jentsch, T.J., K. Steinmeyer, and G. Schwarz. 1990. Primary struc-
ture of Torpedo marmorata chloride channel isolated by expres-
sion cloning in Xenopus oocytes. Nature. 348:510Ð514.
Karpen, J.W., R.L. Brown, L. Stryer, and D.A. Baylor. 1993. Interac-
tions between divalent cations and the gating machinery of cyclic
GMP-activated channels in salamander retinal rods. J. Gen. Phys-
iol. 101:1Ð25.
Krz, L.L., S. Wagner, A.L. George, Jr., and R. Rdel. 1997. Prob-
ing the major skeletal muscle chloride channel with Zn21 and
other sulfhydryl-reactive compounds. Pflgers Arch. 433:357Ð363.
Liu, Y., M. Holmgren, M.E. Jurman, and G. Yellen. 1997. Gated ac-
cess to the pore of a voltage-dependent K1 channel. Neuron. 19:
175Ð184.
Ludewig, U., M. Pusch, and T.J. Jentsch. 1996. Two physically dis-
tinct pores in the dimeric ClC-0 chloride channel. Nature. 383:
340Ð343.
Ludewig, U., T.J. Jentsch, and M. Pusch. 1997. Analysis of a protein
region involved in permeation and gating of the voltage-gated
Torpedo chloride channel ClC-0. J. Physiol. (Lond.). 498:691Ð702.
Middleton, R.E., D.J. Pheasant, and C. Miller. 1994. Purification, re-
constitution, and subunit composition of a voltage-gated chlo-
ride channel from Torpedo electroplax. Biochemistry. 33:13189Ð
13198.
Middleton, R.E., D.J. Pheasant, and C. Miller. 1996. Homodimeric
architecture of a ClC-type chloride ion channel. Nature. 383:
337Ð340.
Miller, C. 1982. Open-state substructure of single chloride channels
from Torpedo electroplax. Philos. Trans. R. Soc. Lond. B Biol. Sci.
299:401Ð411.
Miller, C., and E.A. Richard. 1990. The voltage-dependent chloride
channel of Torpedo electroplax: intimations of molecular struc-
ture from quirks of single-channel function. In Chloride Trans-
porters. A. Leefmans and J. Russell, editors. Plenum Publishing
Corp., New York. 383Ð405.
Miller, C., and M.M. White. 1984. Dimeric structure of single chlo-
ride channels from Torpedo electroplax. Proc. Natl. Acad. Sci. USA.
81:2772Ð2775.
Pusch, M., and T.J. Jentsch. 1994. Molecular physiology of voltage-
gated chloride channels. Physiol. Rev. 74:813Ð825.
Pusch, M., U. Ludewig, and T.J. Jentsch. 1997. Temperature depen-
dence of fast and slow gating relaxations of ClC-0 chloride chan-
nels. J. Gen. Physiol. 109:105Ð116.
Pusch, M., U. Ludewig, A. Rehfeldt, and T.J. Jentsch. 1995. Gating
of the voltage-dependent chloride channel ClC-0 by the per-
meant anion. Nature. 373:527Ð531.
Richard, E.A., and C. Miller. 1990. Steady-state coupling of ion-
channel conformations to a transmembrane ion gradient. Science.
247:1208Ð1210.
Rychkov, G.Y., D.S. Astill, B. Bennetts, B.P. Hughes, A.H. Bretag,
and M.L. Roberts. 1997. pH-dependent interactions of Cd21 and
a carboxylate blocker with the rat ClC-1 chloride channel and its
R304E mutant in the sf-9 insect cell line. J. Physiol. (Lond.). 498:
691Ð702.
Stanfield, P.R. 1970. The differential effects of tetraethylammo-
nium and zinc ions on the resting conductance of frog skeletal
muscle. J. Physiol. (Lond.). 209:231Ð256.
Steinmeyer, K., C. Ortland, and T.J. Jentsch. 1991. Primary struc-
ture and functional expression of a developmentally regulated
skeletal muscle chloride channel. Nature. 354:301Ð304.
Townsend, C., and R. Horn. 1997. Effect of alkali metal cations on
slow inactivation of cardiac Na1 channels. J. Gen. Physiol. 110:23Ð33.
White, M.M., and C. Miller. 1979. A voltage-gated anion channel
from electric organ of Torpedo californica. J. Biol. Chem. 254:
10161Ð10166.
Yellen, G., D. Sodickson, T.-Y. Chen, and M.E. Jurman. 1994. An
engineered cysteine in the external mouth of a K1 channel al-
lows inactivation to be modulated by metal binding. Biophys. J.
66:1068Ð1075.